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ABSTRACT 
An understanding of cellular events contributing cc 
normal endosperm formation in the maize kernel may provide 
better models of the construction of grain yield. A commercial 
hybrid maize, Dekalb 580, was grown in a controlled 
environment to study dynamics of cellular events ir. three 
regions during endosperm development, and to ascertain if this 
genotype has an indeterminate pattern of endosperm cell 
division. Longitudinal sections in two planes of endosperm 
show uniform sizes for both nuclei and cells during the early 
stages of endosperm development. As endosperm develops, nuclei 
and cells become increasingly variable in size. In addition, 
cells acquire irregular shapes. Starch granules are more 
densely packed in the central and peripheral cells than in 
basal cells. Histochemistry reveals that mean starch granule 
diameter and volume sharply increase between 20 and 30 days 
after pollination (dap). Granules in peripheral endosperm 
cells follow similar trends, but then remain significantly 
unchanged (P < 0.05), whereas central endosperm cells show 
another sharp increase 40 to 50 dap, when maximum volum.e is 
achieved. A decrease in mean nuclear diameter and volume was 
X 
observed after 30 dap. During this time, nuclear size in the 
central kernel continues to increase until a peak level is 
reached at 40 dap. Regardless of differences in cell sizes 
within various regions, a pattern of incremental development 
until a peak level at 30 dap is common, excepting peripheral 
cells that maintain almost the same size after 50 dap. 
Aleurone cells follow a similar trend, though t.heir nuclei 
show a consistent increase in size throughout zhe 
developmental period. The developmental pattern of whole 
endosperm cells differs from that of nuclei, and zhis 
difference is manifested by cells and nuclei of the central 
kernel, which reach maximum volume at 30 and 40 dap, 
respectively. Photocytometry indicates that number of 
endosperm nuclei reaches maximum at 20 dap and plummets 
thereafter. Thus, the number of cells formed in an endosperm 
is determined quite early during development of grain. Starch 
granules reach peak levels 30 to 40 dap and remain essentially 
constant throughout grain development. Flow cytometry reveals 
patterns of DNA endoreduplication that paralleled those of 
nuclear size. 
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CHAPTER ONE. INTRODUCTION 
In the United States, production of corn iZea mays 1. 
is more than double that of any other crop. Corn acreage has 
decreased from 36 X lO'' ha in 194 6 to abou~ 32.2 X IC ha in 
1996, while production increased from 74.2 X 10" mecric -ens 
(MT) CO 236.5 XIO'' Mt over the same period {USDA/National 
Agricultural Statistics Service, MASS, 1996). This 219-; 
increase in production over five decades, despite an il; 
decrease in acreage, can be attributed primarily lo advances 
in agricultural technology and improved production management 
skills. Iowa produces corn on 5.1 X lO'' ha, with a total 
production of 43.7 X 10"" MT in 1996, accounting for 
approximately 16% and 18% of total U.S. corn ground ana 
production, respectively (NASS, 1996) . 
Maize IS a m.ajor source of food and feed throughout the 
world. The developmental biology of maize is important because 
of the prominence of maize in plant ge.netics research and its 
importance as a major agricultural food crop. 
The grain of cereals is composed of pericarp, seed coat 
(testa), embryo and endosperm. Among these components, 
however, the major proportion of weight is contributed by the 
endosperm, and it is the predominant sink for photosynthate 
and other assimilates during reproductive growth (Lur and 
Setter, 1993). 
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Understanding the development of the endosperm of maize 
is especially important because this tissue constitutes 85-90^ 
of the mature kernel dry weight. Elucidating the cellular and 
molecular events that contribute to normal endosperm formation 
may provide a better understanding of the components of grain 
yield and afford the possibility of manipulating these 
components to alter grain yield. It is logical, therefore, tc 
consider the endosperm when investigating factors responsible 
for differences in grain size. The nucellus, pericarp, and 
associated maternal tissues which surround the embryo sac 
contain reserve carbohydrates at the time of pollination. 
Anatomical studies have indicated that these tissues become 
progressively degraded during kernel development (Kiesselbach, 
1980), suggesting that their carbohydrate reserves are 
transferred to the growing endosperm. Thus, the quantity of 
reserves accumulated in maternal tissues before pollination 
may affect the carbohydrate nutritional status of endosperm 
during its early development phase. 
The maize kernel is more than a rich source of 
carbohydrates for food, feed, and industry; it is a source of 
enzymes for the study of biosynthesis, and of genetic markers 
for genetic, biochemical and genetic engineering studies. In 
addition, Chourey et al., (1986) note that maize endosperm 
provides a model system for various biochemical, developmental 
and molecular studies. The developing maize kernel is a 
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fascinating, highly organized structure. A be~ter 
understanding of the formation of carbohydrates during kernel 
development, and of the nature of the carbohydrates in "he 
mature kernel, will allow the continued genetic improvement 
of maize for many purposes. 
The endosperm of maize is a unique tissue. Considerable 
speculation exists about its biological nature. Some early 
researchers called it a formless mass of tissue and even a 
"monster" (Sargant, 1900). Such designations v/ere made 
partly because though the endosperm is the direct result of 
fertilization, it does not thereafter pass through a complete 
life history to result in another organism. The endosperm has 
been described as the embryo's "sister-and-a-half" because of 
the initial triploid nucleus, composed of two polar nuclei 
and one sperm nucleus (Weatherwax, 1923). It has also been 
called an "anomalous embryo" (Copeland and McDonald, 19S41, 
since the ovum and the two polar nuclei are genetically 
identical. The tissue greatly increases the number of genomes 
per cell, develops rapidly, and lives for a relatively short 
time. These characteristics are not unique for cells with 
short life expectancy. Bennett (1973) noted a general 
correlation between a large number of genomes per cell and a 
short life span in other plant tissues such as root-cap 
cells, tapetal cells, and antipodals. 
4 
Interest, in the biology of maize endcsperx is prcmpted by 
several considerations. The system is obviously important from 
the agricultural standpoint. Pertinent information regarding 
the genetic and molecular mechanism of endosperm develcpm.ent 
could conceivably lead to new ideas on protein synthesis, and 
even hybrid vigor. In addition, the endosperm tissue may be 
excellent material for the elucidation of basic biological 
concepts, especially those pursued by developmental 
biologists. The aleurone, for example, has already been shown 
to be a useful genetic tool in classical, molecular and 
developmental investigations (Coe and Neuffer, 15"""; Coe, 
1978) . 
Maize endosperm is extremely heterogeneous within a 
single kernel, relative to size and nuclear DNA content as 
well as nuclear and starch granule number, and to some extent, 
morphological appearance. The developmenta11y-rimed nature of 
DNA amplification during the post-pollination period indicates 
that the process is fundamental to kernel development 
(Phillips et al., 1985). Since kernel development, in turn, is 
fundamental to yield, understanding kernel genome plasticity 
and its control may lead to useful applications in genetics 
and plant breeding. Unfortunately, none of the investigations 
conducted so far have provided definitive information 
regarding the extent of DNA changes taking place on a 
temporal basis during development of the endosperm. Several 
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reports are at variance with each other relative -c the exren-
of DNA increase in the endosperm { Punnett, 1953; Phillips et 
al., 1983; Kowles and Phillips, 1985). Differences in 
technique, developmental stage or experimenral material, and 
regions within the tissue probably explain some cf these 
variations ( Phillips et al., 1985). Using rechnology 
currently available, che present study seeks provide mere 
reliable information relative to developmental changes in 
nuclear DNA from 4 dap to maturity in a commercial hybrid 
corn. 
Endosperm development consists, basically, cf "wo phases; 
i.e. 1) cell division, and 2) cell enlargement plus starch 
deposition. The cell division phase in cereal endosperms is 
completed by about 20 or fewer days after fertilization 
(Reddy and Daynard, 1983; Jones et al., 1985). Thus, the 
number of cells that are formed in an endosperm is determined 
quite early during the development of grain. Furthermore, 
studies in corn (Myers et al., 1990), sorghum (Sorghum bicolor 
Moench) (Subramanyam et al., 1980) and wheat (Triticum 
aestivum L.) (Huber and Grabe, 1987) indicate that maximum 
starch granule number within an endosperm cell remains 
essentially constant, throughout grain development. The total 
number of starch granules within an endosperm, therefore is 
also fixed at, or soon after, the time when cell number is 
maximized. In otherwords, the extent of cell division may 
place an upper limit: on the amount of storage marerial 
synthesized at subsequent stages of developmeni;. Since mcsu o 
the dry matter in mature cereal grains is in the form of 
starch, it is quite probable that the final weight of a grain 
depends on the number and size of the starch granules. 3ecaus 
each starch granule is a site of starch deposition, the 
number and metabolic activity of granules determine the rate 
of grain filling. However, no studies have investigated the 
developmental changes in starch granule size, nor evaluated 
the relationship between starch granule number and size. 
Studies of the cytology and morphology of maize endosperr 
have indicated that its development, starting with the 
formation of the triploid primary endosperm nucleus at the 
time of fertilization, consists of several sequential stages 
that include free-nuclear division, cell wall formation, cell 
multiplication/mitosis, cell enlargement, differentiation and 
the accumulation of storage products such as starch and 
proteins. These storage products are synthesized in the 
subaleurone and starchy cell layers of the endosperm at 
specific times of development (Dolfini et al., 1992) . After 
the accumulation of storage materials, come desiccation and 
maturation (Lur and Setter, 1993). 
The developmental events that precede rapid storage 
material accumulation are crucial for establishing the 
capacity for endosperm growth. Maize endosperm begins as a 
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triploid tissue resulting from the union of two polar nuclei 
and one sperm nucleus. After fertilization, two polar nuclei 
are united with one sperm nucleus to produce the first 
endosperm cell. Subsequently, nuclear division proceeds in a 
synchronous manner without cell wall formation for the next 4 
d. This produces a syncytial tissue that is unicellular and 
multinucleate. At 4 days after pollination idap,, cell walls 
are laid down and the endosperm, assumes a uninucleate, 
cellularized morphology. Therefore, the growth prior ic 4 dap 
may be attributed mainly to expansion of the single endosperm 
cell. From this time forward, an increase in total ceil number 
occurs through asynchronous divisions, and the nuclei are 
each compartmentalized into single cells. Therefore, increases 
in cell number and probably cell size are the predominant 
factor in endosperm grov/th until the endoreduplication process 
begins. The enlargement of cell size is essential in order to 
accommodate the progressive increases in sizes of both nuclei 
and starch granules. 
The mitotic index peaks between 8 and 10 dap and then 
plummets (Phillips et al., 1985). As the mitotic index 
decreases, the average DNA content per nucleus increases 
sharply. This can reach levels of 384 C in some individual 
nuclei, where C is the haploid DNA content per nucleus (Kowles 
and Phillips, 1985) . The changes in DNA content per nucleus 
are also asynchronous. Thus, nuclei in adjacent cells may have 
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radically different DNA contents. Endoreduplication of the 
nuclear DNA accounts for the tremendous increases observed 
(Kowles et al., 1990, 1992). 
During endosperm maturation, cell divisions in the 
central region cease at 12 dap (Dolfini et al., 1992', . 3ewley 
and Black (1994) also reported that both karyokineses and 
cytokineses eventually cease in the more central regions cf 
the tissue, whereas these activities persist for the longest 
time only in the peripheral endosperm regions. DN.H 
endoreduplications then begin, resulting in a large increase 
in size of the inner endosperm cells (Kowles and Phillips, 
1988) . 
Although the syntheses of starch and proteins in 
endosperm are beyond the scope of this study, it is notable 
that cell differentiation in endosperm involves several 
events, including formation of aleurone, initiation of starch 
granules in amyloplasts, the start of zein storage protein 
synthesis in protein bodies, and the enlargement of nuclei (Ou 
- Lee and Setter, 1985; Kowles and Phillips, 1988; Lending and 
Larkings, 1989) . 
The cells of the outer region differentiate into the 
aleurone and subaleurone layers. During endosperm development, 
aleurone cells become Chickened and filled with protein 
granules (Khoo and Wolf, 1970) . The aleurone layer functions 
both as storage tissue and for secretion of hydrolytic 
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enzymes, which upon activation during germinaticr. help 
breakdown storage tissues (Copeland and McDonald, 1984). 
However, Bewley and Black (1994) noted that in cereals and 
some endosperm containing legumes ( ex. Fenugreek, Trigonella 
foenum-graecum), the majority of cells in the endosperm are 
non-living at maturity, the cytoplasmic contents having been 
occluded by the stored reserves during development. However, 
outside of the endosperm, a living tissue remains, the 
aleurone layer, that does not store many reserves, but rather 
may be responsible ultimately for the release of enzymes for 
remobilization of storage reserves. These authors also contend 
that cytologically, the aleurone behaves like a meristerm, 
providing additional cells that are cut off toward the 
interior of the kernel. Therefore, this explains why 
aleurone has become an important genetic tool in classical, 
molecular and developmental investigations. 
Starch, a common constituent of higher plants, is the 
major form in which endosperm carbohydrates are stored. 
Storage starch accumulates in reserve organs during one phase 
of the plant's life cycle and is utilized at another time. 
Starch can be found in all organs of most higher plants 
(Badenhuizen, 1965). Organs containing starch granules include 
pollen, leaves, stems, woody tissues, roots, tubers, bulbs, 
rhizomes, fruits, flowers, and the pericarp, cotyledons, 
embryo and endosperm of seeds. These organs range in 
chromosome number from the haploid poiien grair. cc the 
triploid endosperm, the main starch storing tissue of cereal 
grain. 
The morphology of the starch granule is dictated by the 
particular structure and biochemistry cf the starch-
synthesizing organelles, the chloroplast and amyloplast, as 
well as by the physiology of the plant (Badenhuizen, 19c5'. 
Different parts of the plant may produce entirely different 
starches, and even the granules within a given cell may be 
morphologically different. Although it is easy to observe the 
anatomical relationship of plastids to starch granules, the 
means by which plant genetic information is translated into a 
specific granule morphology is unknown. In amyloplasts of 
developing maize endosperm, no starch is visible until the 
ninth or tenth day after fertilization (Badenhuizen, 1969). 
Prior to this time, starch granules are observed in. the 
tissues surrounding the endosperm. 
In storage tissues, starch synthesis is the predominant 
function of amyloplast enzymes during tissue development. 
Thus, it is likely that the activity of amyloplast enzymes may 
be regulated by a mechanism different from that in 
chloroplasts, in which synthesis, degradation and 
mobilization of transitory starch are finely regulated. It is 
noteworthy that amyloplasts containing starch granules are 
extremely fragile, and attempts to isolate intact amyloplasts 
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in aqueous media have been disappointing. Therefore, it has 
not been possible to directly study membrane translocators in 
isolated amyloplasts. 
The endosperms of developing maize (Shannon, 15~4; 3oyer 
et ai., 1977), rice (Oryza sativa L.! (Julianc and Bechtel, 
1985), sorghum (Freeman, 1970), wheat (III, 2S [22]], rye 
iSecaie cereale L.) (Simmonds and Campbell, 19~D;, and 
triticale (X Triticosecale Wittmack) (Simmonds, 19~4) kernels 
are composed of populations of cells of varying 
physiological ages. In maize kernels, the basal endosperrr. 
cells begin starch biosynthesis late in development and 
contain small starch granules, and peripheral endosperm cells 
which are the last to develop, also contain small starch 
granules (Boyer et al., 1976, 1977). Thus, a major gradient o 
cell maturity from the basal endosperm to the central 
endosperm and a minor gradient, from the peripheral cells 
adjacent to the aleurone layer inward, exist in normal 
(nonmutant) maize endosperm. A similar cellular development 
gradient occurs in sorghum (Freeman, 1970), whereas in barley 
starch formation begins at the apex of the grain and around 
the suture, across the central region, and deposition occurs 
last in the youngest cells near the aleurone layer (Briggs, 
1978). Similar gradients occur in rice (Juliano and Bechtel, 
1985), rye (Simmonds and Campbell, 1976), triticale (Simmonds 
1974) and wheat (Bradbury et al., 1956). Since all endosperm 
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ceils are not the same age, the physiologically younger cells 
will undergo developmental changes in starch biosynthesis at a 
later time in grain or kernel development than older cells. 
Although variations in granule size occur throughout the 
endosperm, starch granules wichin a given cell of normal maize 
endosperm are similar in size (Shannon, 19~4; 3oyer et al. , 
1976} . 
The existence of cellular developmental gradients has two 
important ramifications when studying the genetics and 
physiology of starch development. First, evaluations of 
developing tissue using whole tissue homogenates are based on 
polysaccharides and enzymes isolated from cells of differing 
physiological age. Thus, such whole tissue data represent only 
an average stage of cellular development at the date of 
sampling. Second, tissue that does not reach maturity because 
of environmental or other reasons will differ in composition 
from mature tissue, and variation in starch composition can 
occur between samples. The above constraints can be reduced or 
minimized if studies are conducted in a controlled environment 
(greenhouse) and all plants are pollinated synchronously. 
Nonmutant, or normal reserve and transitory starch 
granules are composed primarily of amylose and amylopectin. 
Amylose is essentially a linear polymer consisting of (1—>•4)-
linked a-D-glycopyranosyl units. Amylopectin is a branched 
polymer of a-D-glycopyranosyl units primarily linked by (1—V4) 
bonds with branches resulting from (1—>6: linkages .Williams, 
1968). Afcer isolation of amylose and amylopectin following 
fractionation. Banks and Greenwood, (1975) reported that 
starches cannot be divided sharply into amylose and 
amylopectin, but that the two major fractions blend inrc eac" 
other through intermediate fractions. They noted zhaz, in 
addition to heterogeneity of molecular sizes, amylase also 
appears to consist of a mixture of both linear and slightly 
branched chains, the proportions of which may vary wirh zhe 
source of the starch and with the maturity of the source. 
These findings have been supported by several researchers 
(Erla.nder et al., 1965; Banks and Greenwoods, 1967; Nelson a 
Pan, 1995) . Variations exist in amylose concentration among 
species and among cultivars within a species. Thus, no 
average amylose percentage will be meaningful for nonmutant 
starches per se or for ncnmutant starches of a given species 
However, all nonmutant starches can be characterized as having 
more amylopectin than amylose. Increased amylose 
concentrations have been observed with increasing age of 
tissue from which starch is isolated for various plant 
species. Several authors have reported increased amylose 
concentrations in maize (Tsai et al., 1970; Boyer et al., 
1976a; Boyer et al., 1976), rice (Briones et al., 1968), and 
wheat endosperms (Matheson, 1971; Abou-Guendia and 
D'Appolonia, 1973; Kulp and Mattern, 1973; Jenkins et al., 
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1974) during kernel development. Because amylose concentration 
varies with maturity of the tissue, starches from tissues that 
do not reach maturity v/ill be altered in their physicochemical 
properties from mature starch. 
Starch granules also contain small amounts of non-
carbohydrace components, particularly lipids, proteins, 
phosphate, and ash that affect the behavior of starch in 
various applications. This study was not designed to 
determine the contents of starch granules, but rather, to 
evaluate developmental dynamics of both number and size cf 
starch granules in maize endosperm throughout the filling 
period. The data are intended to be used in a simulation 
project of the maize kernel, and, for the first time, to 
reveal the association between starch granule number and size 
at different developmental phases. In addition, the study was 
designed to determine cell and nuclear growth pattern in 
various regions in maize endosperm from 4 dap to physiological 
maturity, as well as to provide information relative to 
developmental changes in nuclear DNA. 
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CHAPTER TWO. LITERATURE REVIEW 
Endosperm Cells 
Rapid development of endosperm tissue occurs in the 
kernel following pollination. Maize endosperm cell divisions 
occur from approximately 24 h after pollination until about 12 
days after pollination (dap) in the central zone, establishing 
the cell population of the central zone (Kowles and Phillips, 
1985; Phillips et al., 1985). There is also a rapid change in 
overall endosperm size between 8 and 12 dap which is due to an 
increase in cell number and, to some extent, nuclear and cell 
enlargement. Thereafter increases in cell and nuclear size, 
rather than cell number, are the basis for changes in the 
central endosperm region (Kowles and Phillips, 1985, 1988). 
Under optimum conditions, number of endosperm cells and the 
approximate time at which the maximum number of cells is 
obtained are genetically determined; but under field 
conditions, these variables are mediated by environmental 
perturbations such as water deficit (Quatter et al., 1987; 
Artlip et al., 1995), and heat stress (Jones et al., 1985). 
The number of endosperm cells approaches maximum at 21 dap in 
greenhouse-grown kernels compared with 33, 11 and 11 dap for 
kernels cultured at 15, 30 and 35 °C, respectively (Jones et 
al., 1985), and the maximum number of cells ranges from 
approximately 2.2 X 10' at 3o "C to S.5 X IC' for kernels 
grown on intact ears in the greenhouse. Rece.ntly, Young et al 
(1997) reported that the reduction in endosperm cell number 
during maize endosperm development is caused by programmed 
cell death (pcd) mediated by ethylene. Many authors suggested 
parallels between pcd in plants and apoptosis in ar.imals 
(Greenberg et al., 1994; Lamb, 1994; Greenberg, 195c; levine 
et al., 1996) . Apoptosis is the most common form of cell deat 
in animals and is characterized by cells actively directing 
their own death. 
Cell division precedes storage-material synthesis and is 
nearly complete at about 10 to 15 dap (Jones et al., 19S5; 
Huber and Grabe, 1987); therefore, the e.xtent of cell divisio 
may place an upper limit on the amount of storage material 
synthesized at subsequent stages of endosperm development. 
Thus, kernel sink capacity, the potential level of maximal 
kernel mass, is established during the early stages of kernel 
development and is largely a function of the number of cells 
and amyloplasts (and subsequently, starch granules) formed in 
the endosperm (Capitanio et al., 1983; Reddy and Daynard, 
1983; Jones et al., 1985). For these reasons, these are good 
indicators of kernel sink capacity in maize (Jones et al., 
1996). Collectively, these variables determine the number of 
potential sites for starch deposition, and thus the capacity 
for kernel dry matter accumulation and grain yield. Storage 
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capacity may also be a function of endoreduplication vpost-
mitotic DNA synthesis) (Chojecki et al., 1986), perhaps as a 
result of an increase in the number of active transcriptional 
sites (Nagl et ai., 1985; De-Rocher et al., 1990;. Hence, the 
importance of using modern technology not only tc accurately 
determine cell number, but also, to understand what controls 
cell number. 
Studies involving genotypic variation iCapitanic et al., 
19831 and environmental treatments (Brocklehust et ai., 19'^ 8; 
Singh and Jenner, 1984; Jones et al. , 1985; Nicolas et al., 
1985) have indicated that in cereal grains, mature-kernel 
weight is well correlated with endosperm cell number. Several 
studies have also shown that unfavorable temperatures during 
endosperm cell development in wheat reduce endosperm sink 
capacity, mainly by reducing endosperm cell size with little 
or no effect on cell number (Radley, 1978 ; Wardiaw, . 
Contrarily, Jones et al. (1985) and Westgate and Boyer (1985) 
noted that water or tem.perature stress during early kernel 
development decreases the number of endosperm cells and starch 
granules and also decreases dry matter accumulation. 
Mitotic Activity 
Changes in mitosis and DNA content appear to be 
fundamental events in normal endosperm development in maize 
(Kowies and Phillips, 1985; Kowles et al., 1990) . As mentioned 
earlier, maize endosperm cell division occurs from 
approximately 24 h after pollination until afaouc 12 dap in th 
central region, with peak mitotic index betv;een 8 and 12 dap 
(Phillips et al., 1983, 1985; Kowles and Phillips, 1985', and 
therefore, mitotic activity sharply decreases in endosperm 
cells af-cer 10 - 12 dap (Kowles and Phillips, 1985), or 
declines in a nearly exponential manner until 14 dap 
(Schweizer, 1994) or decreases to almost zero when DNA 
endoreduplication peaks (Phillips et al., 1985, . Schweizer 
did not specify if their data were collected from the 
centrally located regions of the endosperm as did other 
researchers (Kowles and Phillips, 1985; Phillips et al., 
1935). Phillips et al. (1985) noted that not one nucleus 
among thousands observed after 14 days post-pollination had 
bee.n found undergoing mitosis. According to Kowles and 
Phillips (1985), only 1 of 413 nuclei located in the central 
region was found undergoing mitosis 14 dap or later. In 14 -
17 day old endosperm there was cessation of mitotic activity 
throughout the tissue (Stephen, 1973) . Contrary to the above 
report, a few mitoses were observed in the extreme peripheral 
tissue until about 20 dap (Kowles and Phillips, 1988) . 
Nuclei and Nuclear Size 
Maize endosperm develops from a triploid nucleus 
resulting from double fertilization of the two polar nuclei o 
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Che central cell of rhe embryo sac by a sperrr; nucleus. The 
nucleus undergoes rapid synchronous division without cell wall 
formation until about 3.5 days after fertilization, when cell 
wall formation begins, and cells become uninucleate. 
Cross sections of endosperm at 16 dap obtained by 
cryostat microtoming reveal very large nuclei in the central 
regions, but relatively few in number; on -he other hand, a 
large number of smaller nuclei are found in the periphery of 
the endosperm (Kowles and Phillips, 1985; Kowles et at., 
1986;. Several investigators have calculated the number of 
nuclei per endosperm at the peak points of development. Ready 
and Daynard (1983) reported a maximum of 17 6,000 nuclei per 
endosperm at 18 dap for the hybrid Limagrain 1, whereas 
endosperms from other hybrids were composed of considerably-
fewer nuclei. Jones et al. (1985) modified the methods of 
calculating the nuclear number and reported 800,000 nuclei per 
endosperm from greenhouse-grown plants and 720,000 nuclei per 
endosperm from field-grown plants (single cross hybrid A619 X 
W64A). Both research groups observed a general decrease in 
nuclear number after 20 - 22 dap. The cause of the decrease is 
still not clear, however, Duvick (1951) had earlier speculated 
that this decline was probably due to an eventual 
disintegration of the nuclei. Schwerger et al. (1995) used a 
growth model to indicate that the increase of the nuclei in 
maize endosperm is close to the exponential from 8 to 14 dap 
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and slows down afterwards to a stationary phase. Moreover, 
their data indicate that the change in total endosperm 
nuclei as a function of DAP was repeatable from one year to 
the other. 
Considerable variation in nuclear size exists at all 
stages of development with greater variation :.n older 
endosperm tissue (Phillips et al. , 1983). Through day IC post-
pollination, the mean nuclear volume of A18 8 averages Z.O X 
10' jim' and by day 16, it increases 20-fold, followed a 
reduction in mean nuclear volume around day 20 * Phillips et 
al., 1983). Kowles and Phillips (1988) reported a mean nuclear 
volume of 5.3 X lO"" )im" at 18 dap, a 34-fold increase in 
nuclear volume compared to 4 dap. They also noted that the 
cells and their nuclei continue to enlarge, reaching peak 
sizes at approximately 16 dap, with a mean diameter of 32 }im. 
Furthermore, they noticed tnat nuclear volume and DNA content 
means at each period of development are significantly 
correlated, and using Feulgen microspectrophotometry, Phillips 
et al. (1983) also reported that changes in nuclear volume 
are paralleled by alterations in nuclear DNA content. This 
result agrees with the findings of Phillips et al. (1985) and 
Grafi and Larkins (1995), who also noted that nuclear size 
increased considerably during endoreduplication. Nuclear size 
in maize endosperm is considered to be directly proportional 
to cell size (Kowles and Phillips, 1985), and may be a 
decerrrLinanr of cell growth capacity. With regard to the 
reduction in mean nuclear volume which occurs around day 20, 
whether the reduction is artifactual due to bursting of large 
nuclei, or represents a catabolism of cellular contents, is 
not yet resolved. 
Nuclear DNA 
DNA increase in the nuclei of developing endosperm 
prompts a consideration of the mode by which this increase 
occurs. One of the possible modes is endoreduplication, which 
is an endonuclear chromosome duplication that occurs in the 
absence of mitosis in maize, and seems to be required for 
e.ndosperm development (Grafi and Larkins, 1995), or a process 
by which genome copy number is increased by nonselective 
nuclear DNA replication (Kowles and Phillips, 1988; Kowles et 
al., 19901 . DNA amplification, the term often used in this 
text, is natural replication (many-fold) of small parts 
(preferential amplification or under-replication) of the 
genome that results in increased nuclear DNA content. A non-
natural analogue of this process is the polymerase chain 
reaction (PGR), which is a laboratory method for producing an 
extremely large number of copies of a specific DNA sequence 
from a DNA mixture without having to clone it. This permits 
the selective amplification of DNA sequences. 
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One of coday's major biological problems is to undersnand 
the development of organisms. The developing endosperm tissue 
of maize undergoes a pattern of DNA changes and represents an 
excellent system for the elucidation of developmental 
concepts. Mean DN.A. content per centrally located nucleus 
during endosperm development has been determined in a number 
of different strains including inbreds, endosperm mutants in 
various backgrounds, and F1 crosses (Kowles and Phillips, 
1985; Phillips et al., 1985), but not in present-day 
commercial hybrids. The overall patterns of amplification 
during development among strains are comparable, differing 
only in the timing of the large DNA increases and the peak 
levels of DNA ultimately attained. A.11 of the strains studied 
thus far have an initially low DNA level, rapidly increasing 
levels during development (to a peak around 14 - IS dap), 
followed by a gradual reduction in nuclear DNA levels 'Kowles 
and Phillips, 1988). 
Several reports have suggested that cells of the same 
maize tissue can differ in DNA level (Stephen, 1973; Barlow, 
1977), and some reports indicate increased DNA contents 
ranging from 6C to 384C (where C = haploid content) (Swift, 
1950; Punnett, 1953; Tschermak-Woess and Enzenberg-King, 
1965). Duncan and Ross (1950) suggested DNA content per 
nucleus increases based upon their observation of increases in 
nuclear size, and similar observations were reported for 
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endosperm grown in in vitro conditions (Straus, 1554;. None of 
these investigations, however, provide definitive information 
about the extent of DNA changes that take place on a temporal 
basis during development of the endosperm. Phillips et al. 
(1983, 1985) and Kowles and Phillips (1585! have described the 
cytogenetic patterns of maize endosperm growth and have 
assessed the changes of DNA levels of endosperm nuclei during 
development, but their work does not extend to the period of 
physiological maturity. Nonetheless, they, along with others, 
have noted a dramatic surge in nuclear size and DNA content 
per nucleus at about 10 - 12 dap, following the cessation of 
mitotic activity (Kowles et al., 1986, 1990). But, in A188, 
the inbred strain most intensively studied, DNA level per 
nucleus and nuclear size surge 8-10 dap and a peak between 
14 and 18 dap, with DNA content per nucleus reaching a maximum 
mean level of 90 to 100 C (Kowles and Phillips, 1985" . 
Phillips et al. (1985) reported that the DNA amplifies to a 
peak of 90 C by 16 dap. Several reports are at variance with 
each other relative to the extent of DNA increases in 
endosperm. Regardless of these relative differences in DNA 
content, the pattern of DNA increase as development proceeds, 
followed by a DNA decrease, has been observed for most 
strains (Kowles and Phillips, 1985) . Differences in 
techniques, developmental stages, and regions within the 
tissue probably explain some of these variations (Phillips et 
ai., 1985). Phillips et al. (1983) and Kowles ana Phillips 
(1985) used Feuglen cytophotometry to test DNA levels of 
several strains over a number of growing seasons. They 
reported mean DNA content per nucleus to generally increase 
to peak levels between 90 and 178 C. Some individual nuclei 
reached peak levels as high as 690 C. Regardless of different 
environmental conditions from year to year, DNA amplification 
patterns were remarkably consistent over four consecutive 
growing seasons (Phillips et al., 1982, 1983, 1985';, and a 
reduction of DNA beginning at about 18 - 20 dap among IS 
different strains was observed. 
Numerous investigations have shown that the 10 - to - 12-
dap period, or slightly later, is the point in development of 
the endosperm in v/hich many cellular activities are generally 
enhanced, therefore coinciding with DNA amplification. Such 
enhancement has been noted for dry matter accumulation 
(Groszmann and Sprague, 1948), fresh weight (Hadzi-Taskovic 
Sukalovic, 1985), protein granule appearance and enlargement 
(Duvick, 1961, 1963; Khoo and Wolf, 1970), total proteins 
(DiFonzo et al., 1977, 1979) and zein accumulation (Wilson, 
1978; Soave et al., 1981; Lee and Tsai, 1984) . Numerous enzyme 
assays have resulted in a temporal pattern similar to that 
reported by Tsai and Nelson (1968), Burr and Nelson (1973) and 
Baba et al. (1982). Thus, extensive DNA amplification might 
provide both multiplicity of genes necessary for product 
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synthesis and cell enlargement, and as a consequence, a 
minimum of cell wall material in this ephemeral tissue. 
Starch Greuiules 
The number or size (or both) of starch granules in 
endosperm cells has been implicated in the determination cf 
sink capacity of the endosperm (Brocklehurst, 19"":. During 
endosperm ceil division a potential sink capacity is 
established, and in a large measure may be determined by the 
number or size (or both) of endosperm ceils or starch granules 
formed as mentioned previously, or by some combination of 
these factors (Capitanio et al., 1983; Reddy and Daynard, 
1983). The sink capacity so defined may ultimately mediate 
the level of subsequent metabolic activity in the endosperm. 
Starch granule number, an indirect measure of the number of 
amyloplasts in the endosperm, has correlated with final kernel 
mass in several grain species, including maize (Jones et al., 
1985), wheat (Nicolas et al., 1984, 1985), and barley 
(Brocklehurst et al., 1978). Furthermore, some studies suggest 
that the number of endosperm cells and starch granules (Reddy 
and Daynard, 1983), as well as starch granule size (Capitanio 
et al-, 1983), are highly correlated with mature kernel mass. 
Although variation in granule size occurs throughout the 
endosperm, starch granules within a given cell of normal maize 
endosperm are similar in size (Shannon, 1974; Boyer et al., 
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1916] . There is a high degree of variarior. in granule size 
distribution for wheat, rye and triticale .:Klassen and Hill, 
1971), potato (Geddes et al., 1965), and barley (MacGregor et 
al., 1971). Differences in average starch granule size in 
cultivars from a single species also have been reported. For 
example, average starch granule diameter ranged from 8.2 zo 
17.5 |a.m in twelve sorghum cultivars (Miller and Burns, 19^0:; 
from 17.8 to 25.6 [jin in six triticale cultivars 'Klasser. and 
Hill, 19"71); and from 3.8 to 5.7 (im in ten rice culzivars 
(Juliano and Bechtel, 1985) . In contrast to the species-
specific shape and size of reserve starch granules, transitory 
starch granules in chloroplasts appear to be similar in all 
species (Badenhuizen, 1965). 
As tissues storing reserve starch mature, starch and 
amylose concentrations increase. Similarly, average starch 
granule sxze increases with increasing age of zhe storage 
tissue. Such increases have been documented in maize and rice 
endosperm (Briones et al., 1968; Boter et al., 1976), and in 
potato tubers (Geddes et al., 1965). This zrend does not apply 
to average starch granule size in barley, wheat and rye, 
where a second population consisting of a large number of 
small granules forms late in development. In kernels of these 
species, average granule size initially increases; however, as 
the small granules are formed, average granule size decreases 
(MacGregor et al., 1971) . In barley, the maximum average 
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granule diameter of 10.5 {im was observed Ic days after ear 
emergence (MacGregor et al., 1971). 
Studies in corn (Duvick, 1955), barley (Buttrose, I960; 
and sorghum (Subramanyam et al., 1980) indicate that starch 
granule number within an endosperm cell remains essentially 
constant, throughout grain development. The total number of 
starch granules within an endosperm, is also fixed at or soon 
after the time when cell number is maximized. Since most of 
the dry matter in mature cereal grains is in the form of 
starch, it is quite probable that the final weight cf a grain 
depends on the number and size of the starch granules. If each 
starch granule is considered a site of starch deposition, the 
starch granule number may also determine the rate of grain 
filling. Thus, the necessity for accurate determination of 
both number and size of starch granules in maize endosperm 
cells. Such determination may serve several future purposes 
including isolating the genes from those species with high 
amount of starch granule number and genetically engineering 
them into other less productive species that possess other 
desirable traits, assuming that source potential is not 
limiting. The data from such determinations may also be used 
in computer models of the maize crop. 
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CHAPTER THREE. MATERIALS AND METHODS 
Plant Material 
Hybrid maize (Zea mays L.) seeds 'cuitivar Dekalb rSC, 
obtained from Dr. G. Benson, Iowa State University, .-_-es, 
Iowa! were sown in approximately 11-L pots containing a 
soil/peat/perlite mix [soil/canadian sphagnum peat/coarse 
perlite {1:2:2, v/v)]. Plants were thinned to 1 per pet and 
grown in the greenhouse in Fall 1996, under supplemental high 
pressure sodium lighting (Energy Techniques, York, which 
provided approximately 120 micro einsteins applied from c am 
to 9 pm. A weekly watering with a nutrient solution (Peters 
21-5-20) provided about 3 L to each pot. Watering increased 
to twice a week when plants reached the 3-leaf stage and 
throughout the duration of sampling. The ear shoots were 
bagged ("Large" Pollinating Bags, Midco Ent. , St. Louis, MO) 
prior to silk emergence and all florets on each were 
synchronously hand pollinated 4 d after silk emergence using 
pollen from plants other than the mother plant. 
Collection of Kernels 
A total of 30 kernels were arbitrarily removed from the 
middle region of three greenhouse-grown ears, each from a 
different plant, collected at 4, 8, 12, 16, 20, 30, 40, 50 and 
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60 days after pollination (dap), and then Tiixed together 
within each date. Five kernels from each sampling date were 
used to determine the area, diameter and volume of che cells, 
nuclei and starch granules of maize endosperm via digital 
analysis of paraffin sections under a light microscope, v;hile 
six kernels were used for the determination of nuclei and 
starch granule numbers as well as nuclear DNA contends using 
cytophotometry. Many kernels were used for prelirr.inary studies 
prior to actual data collections. 
Hlstochemis'try S'kudi.es 
Processing of Kernels 
Fixation 
Five kernels from each sampling date were cut 
longitudinally in pieces 5 mm thick wich sharp razor 
blades, and then, fixed in FAA [40% formaldehyde, glacial 
acetic acid and 50% ethanol (1:1:18, v/v)] for at least 24 h. 
The small size of the samples enabled the fixative to 
penetrate the tissues properly. 
Dehydration and staining 
Samples were dehydrated and stained according to the 
following sequence: 2x h each at room temperature in 95?: 
ethanol, pure tertiary butyl alcohol (TBA) and deionized water 
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in the following mixtures (5:1:4, 2.5:1:1.5, 3.3:2.3:1 - 1-
eosin) , 100% ethanol and pure TBA (2x each; 1:1, 1:3}, ar.d in 
pure TBA for 3 h. 
Infiltration and emhedding 
The infiltration and embedding consisted of a mixture of 
paraffin and pure TBA (1:3, 1:1, and 3:1) for a mini.T.um of 1 d 
for each mixture, and in pure paraffin for 3 d iv;irh cwc 
changes) in the oven at 60°C to allow for complete 
infiltration. The samples were then embedded in paraffin using 
aluminum boats (7 cm. x 8 cm) . 
Sec-blonlng auid Staining of Tissues to obtain Regions for 
Observation 
Orientation and thickness 
The samples were mounted on wooden blocks and 7-;6-thick 
longitudinal sections (Fig. 3.1) were cut on a rotary 
microtome. Because of the high concentration of starch 
granules in older kernels (20 to 60 dap) , these could be 
sectioned only by using fresh disposable knives and by 
constantly spraying the blocks with liguid CO: to keep them 
hard -
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Fig. 3.1. Longutidinal section of maize kernel 
(1, silk scar; 2, seed coat; 3, endosperm; 4, 
embryo: a, coleoptile; b, plumule; c, scutellum; 
d, radicle; 5, black abscission zone; 6, pedicel). 
From Iowa State University, Cooperative Extension 
Service Special Report No. 48. 
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Moxinting- and staining 
The sections were mounted on clean glass slides precoated 
with 1% gelatin. The slides with sections were deparaffinized, 
then subjected to two staining techniques: Periodic acid-
Schiffs (PAS) technique for total water insoluble 
polysaccharides, and Hemalum (Berlyn and Miksche, 1976) for 
nuclei. The PAS technique consists of the following sequence: 
2 min each in 2 x xylene, xylene-ethanol (1:1;, 100% ethancl, 
1 min in 95% and 70%, and 2 min each in 50%, 25% ethanol and 
deionized water; hydrolysis in 0.5% periodic acid for 20 min 
at room temperature; running water (tap) for 10 min; Schiff's 
reagent (5 g basic fuchsin + 5 g sodium metabisulfite L"', 0.15 
N HCl + 0.2% charcoal) at 4 °C for 1 h; cold water for 15 sec; 
2% sodium bisulfite for 2 min. For the hemalum technique, the 
sections were washed in tap water for 10 min, and then 
stained with hemalum [20 g potassium alum 'aluminum cctassium 
sulfate) in 1000 ml boiling water + 1 g hematoxylin -s- 0.2 g 
potassium iodate] for 10 min at room temperature. After both 
staining procedures, the sections were processed in the 
following ways: running water for 5 min, 25% ethanol for 3 
min; 8 min each in 50%, 70% and 95% ethanol; 5 min each in 
100% ethanol, xylene-ethanol (1:1), and 2 x xylene. Permanent 
slides were made using Permount and cover slips. 
Collection of Data for Quantita-klve Analysis 
Regions and type of data collected 
Five sections per dace were randomly selected and used 
for the determination of area, diameter and volume of the 
cells, nuclei and starch granules using Digital Image Analys:LS 
System (SIS 2 Analysis Soft Imaging System Corp., lakewocd, 
Co). Each section was divided into three zones ,Fig. 3.1 , 
beginning from the peripheral zone inward to the central 
zone, plus the aleurone cells for 12 to 5C dac. Zone one 
comprises about one-third of the distance beginning from the 
cell following the subaleurone to the center of the kernel; 
zone two comprises cells between zone one and central region, 
while zone three contains the cells in the central region of 
the kernel. The area, diameter and volume of 10 cells, 10 
nuclei and 10 starch granules were randomly measured in each 
zone. 
The sections were viewed with a microscope (Olympus, BH-
2, Japan) using bright-field microscopy with a lOx objective 
(497 X magnification) for cells of older tissues (12 - 60 
dap), 20x objective (1020 x magnification) for cells and 
nuclei of 8 dap, nuclei and starch granules of 30 to 60 dap, 
and 40x objective (2020 x magnification) for cells and nuclei 
of 4 dap, nuclei and starch granules of 12 to 20 dap. The 
magnifications listed previously were determined for the 
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Fig. 3.2. Longitudinal section of maize endosperm showing 
three zones (1, 2 and 3). 
television screen (Sony, PVM, 2530, Japan: which, was 
connected to the microscope, and used to trace the sizes cf 
the cells, nuclei and starch granules on transparency film 
(highland™ 3M, Austin, TX) . Tracings were made using sharpie 
fine point permanent makers. Each transparency film, with the 
images, was mounted on a wall and che images were direc-ly 
captured using a Cohu solid state camera (COKU Inc., San 
Diego, CA) with a Minolta lens. A TV monitor calibration line 
was established for each magnification used so that this line 
was translated to the image analysis system. 
Analysis of data 
The acquired images were processed and stored using 
Snappy unit and software (Video Snapshot Image Aquisition). 
The data were accumulated using Microsoft Excel for Windows 95 
version 7.0, and then uploaded to a Unix System for SAS 'SAS 
Institute, Gary, N.C., 1987) analysis. The values for area and 
diameter were directly obtained from the system, whereas those 
for the radius (R; diameter/2) and volume (4.18 9R^) were 
derived by formula. Endosperm cells are neither spherical nor 
rectangular in shape; thus, the Waddel system was used to 
make them spherical in order to obtain the diameter which was 
used to calculate the volume of the cells. For statistical 
analyses of the cell, nuclear and starch granule diameter. 
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area and volume sections were nested within days whereas zones 
v/ere cross-classified within days. 
Microscopy and Flow Cytometry Studies 
Nuclei and Starch Granule Number Determinations 
Collection suid fixation 
Ten kernels were removed from the middle portion cf each 
of the three greenhouse-grown ears from different plants which 
were collected at 4, 8, 12, 16, 20, 30, 40, 50 and 60 dap;. 
The thirty kernels were mixed together and 25 kernels for flow 
cytometry and microscopy studies were immediately fixed in 
95% ethanol-propionic acid (3:1, v/v) for at least 24 h, while 
5 kernels were used for the determination of the area, 
diameter and volume of cells, nuclei and starch granules as 
previously described. Subsequently, the 25 kernels were placea 
in 70% ethanol and stored at -20°C until the procedures 
outlined below were undertaken. Six kernels were used for 
analysis while the rest were used for preliminary studies. 
Endosperm dissection and digestion 
An endosperm digestion procedure was developed by 
modifying the method of Myers et al. (1990). Although, Jones 
et al. (1985) used 30% cellulysin to macerate 5 to 43-day old 
maize endosperms, cellulysin at this concentration did not 
macerate the endosperms properly, even after h. Myers et 
al. (1990) used 25% pectinase to incubate the younger 
endosperms (<12d) for 12 to 24 h, and 48 h for older 
endosperms (>12d) at 40°C. At this temperature and duration of 
treatment, the younger endosperms were completely 
disintegrated, whereas the older ones were not softened. 
A pectinase solution for endosperm digestion was prepared 
by mixing 1 part pectinase [technical grade powder, 102588, 
ICN Biomedicals Inc., Aurora, OH) to 3 parts citrate-phosphate 
buffer [3.8 g Na;HP04 3.6 g citric acid L"" ; pK 4.0'• - C. 
tw/vi NaN%] , then filtering twice through Whatman Nc. 1 paper 
to remove inert filler. The solution v;as also centrifuged at 
900 X g for 15 min and the supernatant, void of inert filler, 
was collected while the pellet was discarded. 
Six kernels per sampling date were equilibrated in 50, 25 
and 0% ethanol (v/v) for about 5 min, respectively. After 5 
min in deionized water, the endosperm was separated from the 
kernel with the help of a pair of tweezers to e.xclude the 
pericarp, nucellus and embryo tissues, and was placed into a 5 
ml plastic test tube . The volume of the pectinase solution 
and duration of treatment, was varied depending upon the age 
of the endosperm. Each endosperm from 4 and 8 dap, 12 and 16 
dap, 30 through 60 dap were placed in 0.5, 1 and 2 ml of 
pectinase solution, respectively, in a tightly capped tube, 
and incubated at 38'^C until soft. Endosperms less than 12 dap 
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required about 4 to 6 h in the pectinase solution. Those 
between 12 and 16 dap needed about 14 h, and 20 to 48 h were 
required for 20 and 30 dap. Endosperms from 40 to 60 dap 
required 60 to 72 h to soften. 
Staiaing and. nuclear number determination 
Nuclei v/ere dispersed by forcing the softened tissue 
through a 20 gauge needle with a syringe back inco the 
original test tubes several times. Ninety-five E] of ~he 
suspension were mixed with 5 £; of propidium iodide ;1 mg/ml 
water) to stain the nuclei. Tv;enty £; of the stained solution 
was pipetted on a hemocytometer (Improved Brightline, Hausser 
Scientific, USA) to count the nuclei under a microscope 
(Olympus Vanox, AHBT, Tokyo, Japan) fitted with polari'ing 
lenses, and with the lOx objective. The excitation for viewing 
nuclei was green ibAn nm) , with observation light v/avelengths 
of 590 nm and up. The counts obtained from hemocytometric 
procedure (total/5 x DF x lO'l/ml, were multiplied by the 
appropriate dilution factors to determine number of nuclei per 
endosperm. 
Staining and starch granule number determination 
Starch granules were also dispersed as previously 
described for the nuclei. The number of starch granules was 
determined by diluting the suspension serially (1:49, 1:2, 
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1:2) . Thereafter, 95 El of the suspension vias mixed with 5 Z. 
of iodine solution (3.3 g I; + 6.7 g KI L'*) to stain the 
starch granules. The counting of starch granules was done with 
white light microscopy at lOx objective, and the number of 
granules per endosperm was obtained as described for nuclei. 
For statistical analyses of both nuclear and starch granule 
number at various days after pollination, endosperm was nestec 
within days. 
Nuclear preparations for flow cytome-try 
Both equilibration and dissection of endosperms from the 
kernels followed the same process outlined for the nuclei and 
starch granule number determinations. Each endosperm was 
gently forced through a 60 ,'6 nitex into a 5 ml plastic test 
tube. Subsequently, endosperm was homogenized with a 
homogenizer (Omni International, 1000 model; at a speed of 
20, 000 rpm to completely disperse the nuclei in 500 
grinding medium. (100 mM glycine; 1.0% hexylene glycol, v/v; 
0.1% Triton-X, v/v; 0.2% toluene sulfonyl fluoride, w/v). The 
nuclear preparation was centrifuged at 180 .x g for 1 min and 
the supernatant, void of nuclei was discarded. Nuclei were 
resuspended in 1 ml of mithramycin (100 A;/ml) in lysis 
buffer [45 mM MgCl2, 3 mM sodium citrate, 20 mM MOPS, 0.1% 
(v/v) Triton X-100, pH 7.0]. 
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Flow Cytometry Analysis 
The stained nuclei were analyzed on an Elite £SP flow 
cytometer (EPICS XL, Coulter Corp., Miami, FL), using 45" nm 
(100 mW) excitation and measuring emission from 500-55C nm. 
The nuclear DNA content was determined by calculating the ar 
of various ploidy levels under the curve, and using chicken 
red blood cells (CRBC) for internal reference. However, this 
procedure or any other procedures employed in this study 
could not be applied to older tissues (20 dap and up. becaus 
the starch granules clogged the sample uptake of the flow 
cytometer. Therefore, the nuclear DNA contents for older 
tissues (30 to 60 dap) could not be determined. Nuclear DNA 
contents were analyzed statistically by nesting endosperm 
within days. 
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CHAPTER FOUR. RESULTS 
Whole Endosperm 
Verrical-seccion preparations of maize endosperm from 4 
to 60 dap show the endosperm is not a uniform m.ass of cells. 
At 4 dap, cell walls are formed and nuclei are each 
compartmentalized into single cells (Fig. 4.1;. Both the cells 
and nuclei are of uniform size throughout the endosperm, as 
confirmed by lack of significant; differences <: P < C.C5' among 
nuclei as well as cells in three zones. .At chis time rhe 
surrounding tissues of the endosperm contain starch granules 
while none are found in the cells. At 8 dap, cells in central 
region (zone 3) begin to enlarge, small starch granules are 
observed in central cells (Fig 4.2). These granules can easily 
be seen when viewed with a 4OX objective. Figure 4.3 shov.'s a 
section of endosperm at 12 dap, at which time most of the 
kernel is occupied by endosperm and an aleurone layer has 
formed. Cells increase in size and become irregularly shaped. 
A gradient of starch granule formation from the basal 
endosperm to the crown is observed. Both crown (including 
peripheral cells) and basal cells contain small starch 
granules, whereas central cells contain large granules. At 16 
dap, the surrounding tissues are compressed while the 
endosperm enlarges (Fig. 4.4). Nuclei in the central region 
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Fig. 4.1 Longitudinal section of maize endosperm 
from mid-portion of kernel at four days after 
pollination (peripheral region central region 
of endosperm; N = nucleus) . Bar = 50 |jjn. 
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Fig. 4.2. Longitudinal section of maize endosperm 
from mid-portion of kernel at eight days after 
pollination (peripheral region •<->• central region 
of endosperm) . Bar = 100 fim. 
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Fig. 4.3. Longitudinal section of maize endosperm 
from mid-portion of kernel at twelve days after 
pollination (peripheral region <->• central region 
of endosperm; N = nucleus, S = starch granule). 
Bar = 100 ^im. 
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Fig. 4.4. Longitudinal section of maize endosperm 
from mid-portion of kernel at sixteen days after 
pollination (peripheral region <->• central region 
of endosperm; N = nucleus, S = starch granule). 
Bar = 100 ^ m. 
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become larger than those in basal and peripheral regxcns. 
similar trend also occurs at 20 dap (Fig. 4.5). Additionally, 
basal and peripheral regions contain more nuclei than central 
regions. Figure 4.6 illustrates a logitudinal section of 
endosperm at 30 dap. Starch granules are densely packed ir. 
both peripheral and central cells while they are sparsely 
packed in basal cells as well as in cells around the embryo, a 
trend that persists throughout grain development. Some cf zhe 
starch granules take on polygonal shapes as the endosperm 
cells become packed as well with expanding starch granules. 
The aleurone layer becomes thinnest over the embryo which is 
now fully developed, and at 40 dap it occupies about one-third 
of the kernel. A similar trend is observed at 50 and 60 dap 
(figures not shown). 
Endosperm Cell Size and Number 
Average endosperm cell diam.eter was related to the age of 
the endosperm. Mean diameter of endosperm cells shows two 
phases of rapid increase, between 8 and 12 dap and from 20 to 
30 dap when it reaches peak level, then declines until 50 dap 
and remains significantly unchanged until physiological 
maturity (60 dap) (Fig. 4.7). The mean diameter of endosperm 
cells at 4 dap is 84 pm, and by 30 dap the value increases 6-
fold. Figure 4.8 illustrates the diameter of cells in three 
zones in the endosperm. Mean diameter of endosperm cells in 
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Fig. 4.5. Longitudinal section of maize endosperm 
from mid-portion of kernel at twenty days after 
pollination showing aleurone layer (AL) and 
concentration of starch granule in cells in the 
central region (aleurone <->• central region of 
endosperm) . Bar = 100 |im. 
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Fig. 4.5. Logitudinal section of maize endosperm 
from mid-portion of kernel at thirty days after 
pollination (peripheral region <->• central region 
of endosperm; N = nucleus, S = starch granule). 
Bar = 100 jjni. 
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Fig. 4.7. Average endosperm cell diameter of DK580. 
Vertical bars represent standard errors of the 
mean of 150 measurements. 
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Fig. 4.8. Average cell diarteter of 3 zones in the endosperm 
of DK580. Vertical bars represent standard errors of the 
mean of 50 measurements. 
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zone one reaches maximum (332 ]im) at 30 dap, and decreases 
slightly until 60 dap, whereas those in zones two and three 
follow the trend observed in overall mean diameter. Cells in 
zones tv/o and three reach maximum mean diameters of 57 4 and 
735 um, respectively. 
Mean area of endosperm cells peaks at 30 dap, followed by 
a continuous decrease until 60 dap (Fig. 4.9). The mean areas 
of endosperm cells of DK 580 at 4 and 30 dap are 5 X 10' and 
107 X 10' pm", respectively, which shows an increase of 21-
fold. A similar growth pattern was also observed in cells of 
zones two and three (Fig. 4.10), with maximum areas of 115 X 
10^ and 163 X 10^ um', respectively. No significant (P < 0.02) 
change occurs in mean area of endosperm cells in zone one from 
20 dap until physiological maturity. 
Considerable variation in cell volume exists at all 
stages of development, with greater variation in older 
endosperm tissues from 20 to 50 dap (Fig. 4.11) . Mean volume 
of endosperm cells at 4 dap is 4 X 10^ pm', and by 20 dap, the 
mean cell volume increases to 310 X 10' pm' and reaches maximum 
size of 1232 X 10^ pm^ at 30 dap, followed by a sharp decrease 
until 50 dap. No significant (P < 0.05) difference was 
observed between cell volumes at 50 and 60 dap. 
Figure 4.12 illustrates the pattern of cell volume in 
three endosperm zones throughout the filling period. Cells in 
zone one reach maximum mean volume (217 X 10' urn') at 30 dap 
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Fig. 4.10. Mean cell area of 3 zones in the endosperm 
of DK580.Vertical bars represent stardand errors of 
the mean of 50 measurements. 
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Fig. 4.11. Average endosperm cell volume of DK580. 
Vertical bars represent stardand errors of the 
mean of 150 measurements. 
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Fig. 4.12. Mean cell volume of 3 zones in the endosperm 
of DK580. Vertical bars represent standard errors of 
the mean of 150 measurements. 
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and gradually decrease thereafter until 60 dap. Those ir. zones 
two and three also attain peak volumes of 1153 X 10" and 2327 
X 10' (im"', respectively, then decline rapidly. 
The number of endosperm cells does not show any dramatic 
increase during the first eight dap, but increases rapidly 
thereafter (Fig. 4.13). The number of ceils approaches its 
maximum (140 X IC) at about 20 dap, and then plummets. The 
reduction in cell number continues until physiological 
maturity (60 dap). It must be noted that the method employed 
involved counting nuclei rather than cells per se, therefore 
this apparent decline may be an artifact resulting from, loss 
of cell viability due to physical disruptions associated with 
starch accumulation and water loss. 
Nuclear Size 
t'Iss.sursments cr sncicspenri nuclssr dj-aiueter snow a great 
amount of variation (Fig. 4.14) . A dramatic surge in nuclear 
diameter occurs between 20 and 30 dap, when maximum mean 
diameter is reached, followed by a slight decrease until 40 
dap and a sharp decline thereafter until 60 dap. Mean nuclear 
diameter at 4 and 30 dap is 18 and 72 ^m, respectively. 
Similar trends were also observed for mean nuclear area (Fig. 
4.15) and volume (Fig. 4.16). Maximum mean nuclear area and 
volume were 4 X 10' and 265 X 10" pm^, respectively. 
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Fig. 4.13. Mean nuclear number per endosperm of DK580. 
Vertical bars represent standard errors of 6 
measurements. 
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Fig. 4.14. Average nuclear diameter in the endosperm of 
DK580. Vertical bars represent standard errors of the 
mean of 150 measurements. 
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Fig. 4.15. Average nuclear area in the endosperm of DK580. 
Vertical bars represent standard errors of the mean of 
150 measurements. 
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Fig. 4.16. Average nuclear volume in the endosperm 
of DK580, Vertical bars represent standard errors 
of the mean of 150 measurements. 
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The mean and variation in nuclear diameter were found to 
be related not only to the age of the endosperm but also to 
the location of nuclei in the endosperm. The diameter of 
nuclei in three endosperm zones was measured (Fig. 4.17) . 
Nuclei in zone one approach peak level between 30 a.nd 4 0 dap, 
and nuclei in zone two peak at 30 dap, whereas those in zone 
three have maximum diameter at about 40 dap followed by a 
sharp reduction in nuclear diameter until 50 dap. Nuclei in 
zone two, however, show a continuous decrease in diameter 
until physiological maturity. By day 30, the maximum mean 
diameters for nuclei in zones one and two are 47 and "3 pm, 
respectively, and at 4 0 dap nuclei in zone t.hree have maximum 
mean diameter of 98 pm. 
The developmental patterns for both nuclear area (Fig. 
4.18) and volume (Fig. 4.19) in three endosperm zones are 
similar to that of nuclear diameter shown in figure 4.14. At 
30 dap, peak area of 16 X 10" um' for zone one and 36 X 10' pm" 
for zone two are observed, and by 4 0 dap, the maximum mean 
area for zone three is about 60 X 10~ pm". The nuclei in zones 
one and two attain maximum volume at 30 dap (60 x 10^ and 235 
X 10^ um", respectively), and those in zone three peak at 40 
dap (567 X 10' pm^) . 
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Fig. 4.17. Average nuclear diameter of 3 zones in the 
endosperm of DK580. Vertical bars represent standard 
errors of the mean of 50 measurements. 
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Fig. 4.18. Average nuclear area of 3 zones in the 
endosperm of DK580. Vertical bars represent 
standard errors of the mean of 50 measurements. 
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Fig. 4.19. Average nuclear volume of 3 zones in the 
endosperm of DK580. Vertical bars represent standard 
errors of the mean of 50 measurements. 
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Aleurone Cells and Kuclei 
The volume of aleurone cells was measured from 12 to 60 
dap {Fig. 4.20) . Through day 20 post-pollination the aleurone 
cells show a gradual increase in size, followed by a dramatic 
surge between 20 and 30 dap when maximum volume ;5 X 10' am' 
is reached. Thereafter, only a gradual reduction in cell 
volume was observed. The growth pattern of aleurone nuclei is 
striking. These nuclei grow continuously throughouL che 
developmental period (Fig. 4.21) with a dramatic surge in 
nuclear size occurring between 50 and 60 dap. 
Starch Granule Size and Niimber 
Size and number of starch granules were determined from 
12 to 60 dap. The diameter of starch granules increases 
gradually between 12 and 20 dap followed by a sharp increase 
from 20 to 30 dap when peak level is reached ;Fig. 4.22}. 
Diameter increases only slightly thereafter. At 12 dap, mean 
starch granule diameter is 14 pm and by 30 dap it increases to 
35 pm. Similar trends were observed for endosperm starch 
granules in zones one and two, but in zone three the peak 
occurs at 50 dap (Fig. 4.23) and plateaus until physiological 
maturity. 
Examination of starch granule volume from 12 to 60 dap 
reveals a large increase in size between 20 and 30 dap, and a 
gradual increase thereafter until 60 dap (Fig. 4.24) when 
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Fig. 4.19. Average nuclear volume of 3 zones in the 
endosperm of DK580. Vertical bars represent standard 
errors of the mean of 50 measurements. 
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Fig. 4.21. Average aleurone nuclear volume in the endosperm 
of DK580. Vertical bars represent standard errors of the 
mean of 50 measurements. 
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Fig. 4.22. Average starch granule diameter in the 
endosperm of DK580. Vertical bars represent 
standard errors of the mean of 150 measurements. 
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Fig. 4.23. Average starch granule diameter of 3 zones 
in the endosperm of DK580. Vertical bars represent 
standard errors of the mean of 50 measurements. 
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Fig. 4.24. Average starch granule volume in the endosperm 
of DK580. Vertical bars represent standard errors of the 
mean of 150 measurements. 
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maximum volume (28 X 103 pmS) is reached. However, no 
significant (P < 0.05) difference in mean volume was observed 
among dates from 30 to 60 dap. 
Figure 4.25 illustrates the different developmental 
patterns of starch granules by zone. By 30 dap, starch 
granules in zones one and two have maximum mean '^ 'ciumes of 13 
X 10' and 25 X 10' um\ respectively, without further increases 
in size throughout the growth period. The granules in zone 
three peak at 50 dap (52 X 10'' pm''; , preceeded by an actual 
reduction in size. The number of starch granules ;Fig. 4.26: 
per endosperm approaches maximum level at about 4 0 dap, and 
remains essentially constant throughout grain development. At 
12 dap, the number of starch granules per endosperm of DK 580 
maize hybrid is 848 X 10' and this value increases to 145 X IC 
by 20 approximately a 2-fold increase. 
Nuclear DNA. Con.'ben-b 
Flow cytometry analyses (Fig. 4.27) indicate that nuclei 
in younger tissues (4 to 8 dap) have not initiated 
endoreduplication. Nuclei between 12 to 20 dap have 12C, 24C, 
48C and 96C DNA levels (C = haploid DNA content per nucleus) 
accounting for higher DNA contents per nucleus in those 
tissues. Mean DNA content for 12 dap was significantly higher 
(P < 0.05) than those for 4 and 8 dap. The mean of nuclear DNA 
content could not be compared among dates (12 to 20 dap) due 
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Days after pollination 
Fig. A.21. Average DNA content per endosperm nucleus of 
DK580. 
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to disintegration of 3C and 6C nuclei during tissue digestion 
of samples taken between 16 and 20. In addition, DNA contents 
for older tissues (30 to 60 dap) could not be determined due 
to the high concentration of starch granules in those 
tissues, which clogged sample on uptake during flow cytometry. 
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CHAPTER FIVE. DISCUSSION 
Whole Endosperm 
Histochemical analyses were used to study cellular events 
during maize endosperm development. Results from vertical 
sections of endosperm obtained by microtome and light 
microscopy show that during the early stages of endosperm 
development, both the nuclei and the cells are of uniform 
size. This observation is consistent with reports from 
previous investigators (Kowles and Phillips, 1988', who 
reported that the nuclei are uniform in size only during the 
very early stages of development. Within this time, no starch 
granules are found in endosperm cells whereas, the surrounding 
tissues contain starch granules. This finding also agrees with 
that of Kiesselbach (1980), who noted that the nucellus, 
pericarp and associated maternal tissues surrounding the 
embryo sac contain reserve carbohydrates at the time of 
pollination and that these become progressively degraded 
during kernel development. Thus, the carbohydrate nutritional 
status of the endosperm during its early development phase may 
be affected by the quantity of reserves accumulated in 
maternal tissues before pollination. 
These results show that as endosperm develops, nuclei 
become increasingly variable in size, and that cells are not 
only variable in size but also irregularly shaped. A gradient 
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of sizes exisrs from the smaller more peripheral nuclei to rhe 
larger centrally located nuclei. Some regions wirhin the 
developing endosperm, especially in the region around "he 
embryo, show very large nuclei, and smaller cells are also 
found between larger ones, suggesting that endosperm does no-
develop uniformly (Wilson, 1978; Kowles and Phillips, 1988!. 
This confirms that the endosperms of developing maize kernels 
are composed of populations of cells of varying physiolog^cal 
ages (Shannon, 1974; Boyer et al., 1977). Similar results have 
been reported for rice (Juliano and Bechtel, 1985), sorghum 
(Freeman, 1970), wheat (D'Appolonia et al., 1971}, rye 
(Simmonds and Campbell, 1976) and triticale (Simmonds, 1974). 
Our results from vertical sectioning of endosperm at 8 
dap reveal small starch granules in che ceils. This result is 
consistent with other investigations (Myers et al., 1990), 
which reported starch granules in hybrid maize !Cv.P3925! at 7 
dap. In contrast, Badenhuizen (1969) reported that no starch 
is visible until the ninth or tenth day after pollination. 
Since number of starch granules in endosperms is genetically 
controlled (Jones et al., 1996), differences in time of starch 
granule initiation are most probably due to genotypic 
variation. Furthermore, environmental differences could affect 
time of starch granule formation (Jones et al., 1984), as each 
of the studies referenced above were conducted in different 
environments. 
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we examined the scarch granules and found zhaz zhe size 
and concentration of starch granules in the endosperm vary 
from one region of endosperm cells to another. The basal 
endosperm cells contain smaller and fewer starch granules than 
the centrally located cells. The peripheral (including crown; 
cells also contain small starch granules but are more packed 
than the basal region. This observation concurs wieh those of 
Boyer et al. (1976, 1977), who noted that both basal and 
peripheral endosperm cells contain small starch granules 
mainly because the basal endosperm cells begin starch 
biosynthesis late while the peripheral cells develop late. 
Thus, a major gradient of cell maturity exists from the basai 
endosperm to the central endosperm and a minor gradient from 
the peripheral cells adjacent to the aleurone layer inward. A 
similar cellular developm.ent gradient occurs in sorghum 
(Freeman, 1970), whereas in barley starch formation begins at 
the apex of the grain and around the suture, across the 
central region, and deposition occurs last in the youngest 
cells near the aleurone layer (Briggs, 1978). Our results show 
that by 12 dap, the aleurone layer has covered the entire 
maize endosperm and the embryo, and it is thinnest over the 
embryo. More studies need be undertaken to ascertain why few 
starch granules develop in the basal cells and around the 
embryo as well as to understand the thin nature of aleurone 
layer over the maize embryo. 
Thin sections for light microscopy show that the 
endosperm cell v/alls are extremely thin, which according to 
Phillips et al. (1985) facilitates translocation of storage 
materials. 
Endosperm Cell Size and Number 
Our measurements of cell sizes within the endosperm 
reveal great variation. Cell size was influenced not only 
by the age of the endosperm, but also by the location of the 
cells within the endosperm. Mean cell volume showed a surge 
increase between 8 and 12 dap and from 20 to 30 dap. A similar 
pattern of growth was observed in zones 2 and 3. The first 
phase of rapid increase coincides with beginning of starch 
granule biosynthesis and the enlargement of nuclei due to DNA 
endoreduplication, and the second phase parallels the 
increased number of nuclei and the linear fill period of 
grain. The cells in zone one did not show any significant 
change (P < 0.05) from 16 to 60 dap, suggesting that there was 
little activity with respect to increases in sizes of nuclei 
and starch granules in those cells. It is not possible to 
compare the data on cell size with any other results since 
this may be the first time actual measurements of endosperm 
cell size have been taken. Other investigators (Jones et al., 
1985) used nuclear volume instead of cell volume to determine 
relative sink, capacity. Kowles and Phillips (1985) purported 
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that nuclear size in maize endosperm is directly proportional 
to cell size, and may be a determinant of cell growth 
capacity. This may be especially true when the developmental 
pattern of nuclei in different zones corresponds to those of 
the cells in those zones, particularly in zone 3 where the 
greatest amount of activity takes place. Figures 4.12 and 
4.19, which illustrate average endosperm cell and nuclear 
volume of 3 zones, respectively, show that the growth pattern 
of endosperm cells in zone 3 differs from that of nuclei in 
the same zone. The cells reach maximum volume at 30 dap and 
then decline rapidly, whereas the nuclei attain peak level at 
40 dap before declining sharply. Thus, use of nuclear size as 
a determinant of cell dry matter accumulation capacity may not 
produce reliable information. 
Our data on endosperm cell number show that the number of 
endosperm cells (nuclei/endosperm) approached maximum '140 X 
lO"") at about 20 dap, and then declined until physiological 
maturity, resulting in a loss of about 120 X IC cells. 
Therefore, the apparent loss of cells reflects the loss of 
physiologically viable cells as starch deposition accelerates 
and ruptures amyliferous cells. Recently, Young et al. (1997) 
reported that ethylene is involved in triggering pcd during 
maize endosperm development which results in reduction of 
endosperm cell number. Several investigators have calculated 
the number of nuclei per endosperm at the peak points of 
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development. Reddy and Daynard (1983) reported a maximuiri of 
176,000 nuclei per endosperm at 18 dap for LGl hybrid, whereas 
endosperms from other hybrids were composed of considerably 
fewer nuclei. Jones et al. (1985) reported 880,000 nuclei per 
endosperm and 720,000 nuclei per endosperm from greenhouse-
grown and field-grown single cross hybrid .^.619 X W64A at 21 
and 20 dap, respectively. Recently, a range of 340,000 and 
960,000 cells per endosperm has been reported for Pioneer 
hybrid 3925 (Myers et al., 1990). Despite differences in the 
number of nuclei per endosperm which could be attributed to 
differences in sampling technique, environment or genotypic 
variations, all the research groups demonstrated a general 
decrease in nuclear number after 18 - 22 dap in the genotypes 
evaluated, including our own data on the commercial hybrid DK 
580. This suggests that genotypes with an indeterminate 
pattern of endosperm cell division do not exist or are rare. 
Nuclear Size 
Our determination of nuclear size reveals that the mean 
and the variation of nuclear size were found to be related not 
only to the age of the endosperm but also to the location of 
nuclei in the endosperm. Mean nuclear diameter peaks at 30 dap 
and then declines until 60 dap. A similar developmental 
pattern was observed for mean nuclear area and volume for 
zones 1 and 2. However, nuclei in zone 3 approach peak levels 
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at 40 dap. In contrast, Kowles and Phillips '1555 reported a 
mean nuclear volume of 5.3 X 10"* |im' at 16 dap and mean 
diameter of 32 fim at 16 dap for inbred A188. They also noted a 
reduction in mean nuclear volume occurring around 20 dap. 
Since reduction in nuclear volume begins around this time, it 
is believed that this represents maximum vclume, thus 
constituting a volumetric difference between A1S8 and DK 580 
of 8 X 10" Jim" at comparable calendar periods. Jones et al. 
(1985; reported a range of 2.4 X lO" to 6.5 X 10" jim" of mean 
nuclear area for single cross hybrid A619 X W64A grown in the 
field under various temperature regimes. Differences observed 
in both nuclear sizes and the period in which maximum vclume 
is reached could be associated with factors such as genotypic 
or environmental variation. Interestingly, a surge in nuclear 
volume between 20 and 30 dap, when cell number decreased 
sharply, may be caused by continuos DNA endoreduplication, as 
the process was detected until 28 dap (Grafi and Larkins, 
1995). Similar results of nuclear enlargement in endosperms 
of several species due to endoreduplication have been reported 
by other investigators (Nagl et al., 1985; Chojeck et al., 
1986; Kowles and Phillips, 1988; Ramachandran and Raghavan, 
1989; Kowles et al., 1990). 
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Aleurone Cells and Nuclei 
The age of the endosperm also influenced growth pattern 
of both aleurone cells and nuclei throughout the developmental 
period. Aleurone cells increased in size dramatically between 
20 and 30 dap, probably to accommodate protein granules that 
enlarge during this period. Thereafter, only a gradual 
reduction in cell volume was observed, similar to the growth 
pattern of peripheral cells, but contrary to the marked 
decrease observed in central endosperm cells. Unlike the 
aleurone cells themselves, their nuclei show continuous 
growth throughout the developmental period, with a surge in 
nuclear volume occurring between 50 and 60 dap. This last 
surge may be associated with the synthesis of proteins, 
enzymes, and hormones in the aleurone, which will later be 
activated during seed germination. Aleurone nuclei of other 
maize genotypes, including inbreds, should be e^'aluated to 
ascertain if the growth pattern found in DK 5S0 is similar to 
that of other genotypes. 
S'tarch Grcuiule Size and Nvimber 
Our examination of starch granule size determined from 
DIAS reveals a large increase in mean diameter between 20 and 
30 dap, which corresponds to the linear fill period (Jones et 
al., 1996), and plateaus thereafter until physiological 
maturity. A similar trend was observed for both diameter and 
84 
volume in zones 1 and 2, except for those in endosperm cells 
in zone 3 which peak at 50 dap. Using photocytometry, we 
observed maximum number of starch granules at about 40 dap, 
whereas endosperm cells reached maximum number and volume at 
20 and 30 dap, respectively. Contrary to other reports, 
Duvick (1955) noted that starch granule number is maximized 
at or near the time that the number of endosperm cells reaches 
a maximum. Jones et al. (1985) determined the number of 
starch granules when endosperm cells reached maximum number. 
Since all endosperm cells are not the same age, the 
physiologically younger cells will undergo developmental 
changes in starch granule biosynthesis at a later time in 
grain or kernel development than older cells (Shannon, 1974; 
Boyer et al., 197 6). This explains why maximum number of 
starch granules is obtained about 3 weeks after maximum cell 
population or 10 d after maximum cell volume is established. 
Furthermore, Jones et al. (1996) reported a maximum number of 
starch granules in the early maturing inbred A619 at about 32 
dap, followed by a decrease, while total starch granule volume 
continued to increase until 36 dap. For the late maturing 
inbred Mol7 both starch granule number and total volume 
continued to increase until 36 dap when the study ceased, 
indicating that genotypic differences can influence time of 
starch granule initiation and development. 
Evaluation of a large number of maize genorypes has 
revealed great divergence in number of starch granules per 
endosperm among these genotypes. Reddy and Daynard il963;' 
reported 337 X 10' and 357 X 10' for Pride 1108 and LGl, 
respectively, and Jones et at. (1985; reported S X IC" "c 184 
X iC for a single cross hybrid .A.619 X W64A grown in the field 
and under different temperature conditions in a greenhouse. 
Since a significantly positive correlation exists between 
total starch granule numbers and endosperm cell number ,Reddy 
and Daynard, 1983), any genetic or cultural manipulations that 
may cause an increase in the number of endosperm cells are 
likely to cause increase in starch granule num^bers, and hence, 
increase the number of sites for starch deposition, resulting 
in higher dry matter accumulation. 
Nuclear DNA Con-ken-t 
Our data indicate that nuclear DNA level was low from 4 
to 8 dap and then increased significantly at 12 dap probably 
due to DNA endoreduplication, which accounts for higher DNA 
content in older tissues than younger ones. This result is 
consistent with other investigations ( Phillips et al., 1983, 
1985; Kowles and Phillips, 1985, 1988; Kowles et al., 1986, 
1990, 1992), which also reported that endoreduplication of DNA 
in the centrally located nuclei begins at 10 - 12 dap and the 
process was detected until 20 dap. Measurement of DNA in the 
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nucleus over the course of development in different maice 
genotypes showed an average reduction of DNA beginning at 
approximately 20 dap after achieving a peak between 14 to 18 
dap (Kowles and Phillips, 1985; Phillips et al., 1985}. This 
reduction is probably due to DNA degradation, as the tiri.:.ng of 
the reduction coincides well wich the period in which the 
embryo begins extensive enlargement. Sampling error is not 
likely, as many researchers working in different conditions 
with diverse maize genotypes have observed a decrease in DNA 
after a peak level. Our data on mean nuclear volume ;Fig. 13" 
indicate that maximum volume was achieved at 30 dap. 
Therefore, peak period of nuclear DNA levels for DK 580 could 
be different from that of genotypes used in previous studies, 
if indeed mean nuclear volume and mean DNA content per nucleus 
at each post-pollination date are significantly correlated 
(Kowles and Phillips, 1985; Kowles et al., 1986i. 
Several studies have been conducted to ascertain the 
significance of DNA increase in developing maize endosperm. 
The levels of two enzymes involved in carbohydrate synthesis 
in developing endosperm (hexokinase and UDP glucose 
pyrophosphorylase) have been assayed (Tsai et al., 1970). 
Kowles and Phillips (1988) superimposed the DNA amplification 
pattern upon the levels of these two enzymes over the same 
period, and showed a close association between the two. 
Therefore, there are compelling reasons for considering 
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increased gene expression and product formaricr. to be the 
result of increased DNA content in developing maize endosperm. 
Even though our examination of nuclear DNA content 
stopped at 20 dap due to problems described previously, it 
would be premature to assume that the endoreduplication 
process does not extend beyond 20 dap. Suc.h methodological 
problems are not unique to our study. Ober en al. •:1991' could 
not report values for endosperm nuclei at 15 dap due zc 
problems associated with starch granule accumulation. However, 
Grafi and Larkins (1995) detected endureduplcarion un'il 26 
dap, indicating that this process can proceed after 2C dap, 
and also found the percentage of 3C nuclei at that time to be 
15%. We could not detect 3C and 6C nuclei after 12 dap, 
probably due to disintegration of nuclei caused by the longer 
period of digestion required for older endosperm tissues. 
Perhaps these could be metaphase nuclei lacking nuclear 
membranes (Schweizer et al., 1995), and thus could be easily 
degraded in the course of analytical digestion. In addition, 
nuclei undergoing mitosis are distributed mainly in the 
peripheral regions of the maize endosperm (Schweizer et al., 
1995). This makes their nuclei more likely than those with 
other C values to degrade during the analytical digestion 
process. Nonetheless, it is clear that DNA amplification is 
fundamental and crucial to maize endosperm development. 
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CHAPTER SIX. CONCLUSIONS 
Summary 
Histochemistry studies reveal that both the cells and 
nuclei are of uniform size throughout the endosperm during 
early stages of development, as confirmed by lack of 
significant differences (P < 0.05) among nuclei as well as 
among cells in three endosperm zones. As development 
progresses, a gradient of sizes forms from the smaller more 
peripheral nuclei to the larger centrally located nuclei. A 
similar trend was observed for endosperm cells, which also 
become irregularly shaped. The concentration and size of 
starch granules in the endosperm vary from one region of 
endosperm cells to another. At maturity, the basal endosperm 
cells contain smaller and fewer starch granules than the 
centrally located cells. The peripheral cells also contain 
small starch granules but are more packed than the basal 
region. The aleurone layer, which covers the entire maize 
endosperm and the embryo, is thinnest over the embryo. 
Our study of maize endosperm shows that endosperm cell 
sizes change over the course of development and from one 
region of endosperm to another. We observed two distinct surge 
increases between 8 and 12 dap, and between 20 and 30 dap for 
mean cell volume in zone 2 and 3. However, cells in zone 1 did 
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not show any significant change from 16 to 60 dap. Maxirr.uir. 
number of endosperm cells was observed at about 20 dap, 
followed by rapid decline until physiological macuriry. 
Like endosperm cells, nuclear development was influenced 
by the age of the endosperm and the location of the nuclei 
within the endosperm. Mean nuclear diameter, area and vclume 
reached peak, levels at 30 dap followed by a sharp decline. 
Similar trends were observed for nuclei in zones 1 and 2. 
However, nuclei in zone 3 approached maximum level az 4 0 dap. 
Endosperm aleurone cells showed two distinct phases of 
increase; first was a linear increase between 12 a.nd 20 dap, 
and secondly a rapid increase from 20 to 30 dap, followed by a 
gradual decrease unril physiological maturity. However, no 
significant statistical difference (P < 0.05) in mean aleurone 
cell volume was observed from 30 to 60 dap. Unlike the 
aleurone cells themselves, their nuclei shcv; a continuous 
growth throughout the developmental period with a surge in 
nuclear volume occurring between 50 and 60 dap. 
Like endosperm cells and nuclei, the developmental 
pattern of starch granules was affected by age of the 
endosperm and location of the granules within the endosperm 
cells. Starch granules reached maximum volume at 30 dap in 
zones 1 and 2, but those in endosperm cells in zone 3 peaked 
at 50 dap. In contrast to cells and nuclei which declined in 
size after reaching peak levels, starch granules plateau until 
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physiological raaruricy. In addicion, zozaL search granules 
peaked at about 4 0 dap and remained significantly (?< 0.05) 
unchanged throughout the grain development. 
By flow cytometry , we determined that: nuclear DNA levels 
were low from 4 to S dap, and then increased significanrly at 
12 dap when DNA endoreduplication began. Hov/ever, we did r.cr 
obtain 3C and 6C levels of DNA in 16 and 20 dap due rc 
problems associated with uptake of samples by the flow 
cytometer. 
Conclusions 
From this study, we conclude that the basal cells do not 
only contain small starch granules, but also contain fewer 
starch granules than rhe peripheral and central cells, as 
revealed by vertical sectioning of endosperm. Our results show 
that the cell division phase in DK5S0 maize endosperm is 
completed by about 20 dap, indicating that the number of cells 
that are formed in an endosperm is determined quite early 
during development of grain. We also observe a continuous 
decrease in endosperm number (nuclei) until physiological 
maturity, while the nuclei of aleurone cells show continuous 
growth throughout developmental period, a unique observation 
rarely referenced in any of the literature reviewed for this 
study. 
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Our results show that developmental patterns cf nuclei, 
especially in zone 3 (central region) differ from those of 
cells in the same zone. Therefore, nuclear dimensions should 
not be substituted for those of the endosperm cells, and use 
of nuclear size as a determinant of cell growth capacity may 
not produce reliable information. This may be the first study 
in which endosperm cell size is determined with DI.-.S. Thus, 
our results on cell volume may provide data for determination 
of endosperm dry matter accumulation capacity. 
Our study shows that total number of starch granules was 
not established soon after maximum number of endosperm cells 
is established. Nonetheless, maximum starch granule number 
within an endosperm cell remained essentially constant 
throughout grain development. 
We observed that mean values for cell size and number, 
nuclear size, starch granule size and number per date do not 
represent cellular changes in each period in different regions 
within the endosperm. Thus, the need to evaluate cellular 
activities in different zones as we did in this study. 
The study was not without some shortcomings. In 
hindsight, we would have liked to translate the slides 
directly to DIAS and omit the tracing process. Any error 
incurred during this process would undoubtedly affect the 
values obtained from DIAS. Furthermore, we derived the values 
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for the radius and volume by formula, whereas zr.e values for 
area and diameter were directly obtained from DIAS. 
We also found that the flow cytometer used for nuclear 
DNA determination is not equipped to uptake samples in mists 
of high starch granule concentration. 
Some of our greatest challenges were in the mcdificaticn 
of protocols for histochemical techniques in order -c obtain 
good sections, especially with older endosperm tissues. We 
also did the same for digestion of endosperm to disperse the 
starch granules and at the same time try to prevent 
disintegration of endosperm nuclei, particularly with younger 
tissues. 
Fui:ure Studies 
For future studies, we suggest that the cause of the thin 
aleurone menbrane over the maize embryo be pursued. It would 
be of value to seek maize genotypes with indeterminate 
endosperm cell division so that these can be compared with 
conventional maize genotypes for productive potential. It 
should also be ascertained why starch granules in the basal 
cells and in those close to the embryo are sparsely packed. 
DNA amplification is believed to be fundamental to maize 
endosperm development, but it has not so far been implicated 
directly with grain yield. It would be useful to establish the 
relationship between DNA levels and yield; and if such 
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association exists, to account for the specific nature of that 
relationship. Finding the cause of reduction in nuclear size 
after attaining a peak would also be an interesting subject. 
Since our determination of nuclear DNA levels of DK 56C 
stopped at 20 dap, we suggest that the nuclear DNA level cf 
this genotype be evaluated from pollination tc physiological 
maturity to determine if reduction occurs; and if so, what 
eime does the decrease begin. 
94 
APPENDIX 
TABLE Al. ANALYSIS OF VARIANCE FOR ENDOSPERM CELL DIAMETER 
Source df Sum of sq Mean square F value Pr >F 
Day 8 27793964 3474245 675.02 0.OOCl 
Section (day) 36 468669 13019 2.53 0.0001 
Zone 2 10785364 5392682 1047 .76 0 n n * 'w . U w V-. 
Zone*day 16 2927548 182972 J w . 3 w :.OOCl 
Zone'sect(day) 72 491236 6823 C . 0 3 6 9 
Sq = square 
Seer = section 
T-ABLE A2. ANALYSIS i OF VARIANCE FOR ENDOSPERM CELL ARE 
Source df Sum of sq Mean sauare F value Pr > F 
Day 8 1459065 182383 433.70 0 . 0001 
Section (day) 36 22012 611 1.45 0 .0414 
Zone 2 956656 478328 1137 .43 0 . 0001 
Zone*day 16 303375 18961 45.09 0 .0001 
Zone*sect(day) 72 23622 328 0.78 0 .9104 
Sq = square 
Sect = section 
TABLE A3. ANALYSIS OF VARIANCE FOR ENDOSPERM VELL VOLUME 
Source df Sum of sq Mean square F value Pr>F 
Day 8 184491734 23061467 164.26 0 .0001 
Section (day) 36 15057522 418265 2 . 98 0 . 0001 
Zone 2 93322067 46661033 332.35 0 .0001 
Zone*day 16 90021540 5626346 
o
 
o
 0 . 0001 
Zone*sect(day) 72 17542999 243653 1.74 0 . 0002 
Sq = square 
Sect = section 
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TABLE A4. ANALYSIS OF VARIANCE FOR ENDOSPERM NUCLEAR NUMBER 
Source df Sum of sq Mean sauare F value ?r>F 
Day 8 86189 10773.63 422.84 0.0001 
Endosperm(day) 45 1147 25.48 
Corrected total 53 87336 
Sq = square 
TABLE A5. ANALYSIS OF VARIANCE FOR NUCLEAR DIAMETER 
Source df Sum of sa Mean sauare F value p r>F 
Day 8 324066 40508 4 9".00 0001 
Section (day) 36 6544 182 G . 0001 
Zone 2 175290 87645 lO"'5 . 32 r\ \j • 0001 
Zone*day 16 48603 3038 37 .27 0 . 0001 
Zone*sect(day) 72 9955 138 1.70 0 . 0004 
Sq = square 
Sect = section 
T.ABLE A6. ANALYS TO ^ 0. O F VARIANCE FOR NUCLEAk AREA 
Source df Sum of sq Mean sauare F value Pr>F 
Day 8 1538.51 192.31 300.5 6 0 . 0001 
Section (day) 36 39.55 1.10 1 . 72 0.0056 
Zone 2 76.29 488.14 762.91 0.0001 
Zone*day 16 499.52 31.22 48.79 0.0001 
Zone*sect(day) 72 54 .70 0.76 1.19 0.1408 
Sq = square 
Sect = section 
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TABLE A7. ANALYSIS OF VARIANCE FOR NUCLEAR VOLUME 
Source df Sum of sa Mean sauare F value p r >r 
Day 8 1056.16 132.02 115.95 0-0001 
Section (day) 36 57.02 1.58 1.39 0 . 0633 
Zone 2 709.88 354.94 311.74 c. 0001 
Zone*day 16 699.83 43.74 38 .42 L' • n n p -o L.' 
Zone*sect(day) 72 135.50 1.88 1.65 /-V /-V /-N U U 
Sq- = square 
Sect = section 
TABLE A8. ANALYSIS OF VARIANCE FOR STARCH GRANULE DIAMETER 
Source df Sum of sq Mean square F Va'. Lue ? r >F 
Day 6 80620 13436.64 893 . Q" COQl 
Section (day) 28 1279 4 5.67 J . 04 r, 0001 
Zone 2 32127 16063.57 10 68 . 6 9 0. 0001 
Zone*day 12 2327 193.95 12 . 90 0. 0001 
Zone*sect(day) 56 2779 49. 62 3 . 30 n 0001 
Sq = square 
Sect = section 
TABLE A9. ANALYS IS OF VARIANCE FOR ST, ARCH GRANULE AREA 
Source df Sum of sq Mean square F value Pr>F 
Day 6 124 .56 20 .76 535. 02 0 . 0001 
Section ( day) 28 3 . 60 0 . 13 3 . 32 0 . 0001 
Zone 2 60 .39 30 .20 778 . 18 0 . 0001 
Zone*day 12 16 .38 1 .36 35. 18 0 . 0001 
Zone*sect (day) 56 6 . 90 0 . 12 3. 18 0 . 0001 
Sq = square 
Sect = section 
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TABLE AlO. ANALYSIS OF VARIANCE FOR STARCH GRANULE VOL • UME 
Source df Sum of sq Mean sauare F value ?r>F 
Day 6 12.42 2.07 297.36 0.0001 
Section (day) 28 0.59 0.02 3.01 C . 0001 
Zone 2 7.23 3.61 519.15 C.0001 
Zone*day 12 3. 64 0.30 43 .56 • 'VW' U L' ^  
Zone*sect(day) 56 1.14 0.02 2 . 92 O * • W L/  ^
Sq = square 
Sect = section 
TABLE All. ANALYSIS OF VARIANCE FOR STARCH GRANULE NUMBER 
Source df Sum of sq Mean square F value ?r> r  
Day 6 1596036801 266006133 9 9 . 6 " ^  C  .  0  0  0  1  
Endosperm (day) 35 93406828 5687 6"' 
Corrected total 41 
Sq = squar 0  
TABLE A12. ANALYSIS OF VARIANCE FOR ALEURONE CELL VOLUME 
Source df Sum of sq Mean square F value Pr>F 
Day / 1851.35 264 .48 1 0 1 . 0 5  C . O O O l  
Endosperm (day) 32 177.82 5.56 2 . 1 2  0 . 0 0 0 5  
Corrected total 39 
Sq = square 
TABLE A13. ANALYSIS OF VARIANCE FOR ALEURONE NUCLEAR VOLUME 
Source df Sum of sq Mean sauare F value Pr>F 
Day 7 0 .34 0 .05 96.05 0 . 0001 
Endosperm (day) 32 0 .05 0 .00 2.87 0.0001 
Corrected total 39 
Sq = square 
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